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Abstract

The purpose of this project was to determine and compare the time-related changes in blood, brain, and tissue acetylcholinesterase
(AChE) activity during the first hour after exposure to six organophosphorus nerve agents (GA, GB, GD, GF, VR, and VX) in Hartley
guinea pigs. Animals were pretreated with atropine methyl nitrate (1.0 mg/kg, i.m.) to minimize peripheral toxic effects 15 min before
they were given a 1.0 x LD90 subcutaneous dose of a nerve agent. At 0, 5, 10, 15, 30, and 60min after nerve agent, animals were
humanely euthanized. Blood was collected and brain regions (brainstem, cortex, hippocampus, midbrain, cerebellum, striatum, and
spinal cord) and peripheral tissues (diaphragm, skeletal muscle, and heart) were dissected and processed for AChE activity. All
six nerve agents produced maximum inhibition of AChE in red blood cells between 5 and 10% of the control within 10 min after
exposure. In whole blood, differential effects were observed among the agents: GB, GD, and GF produced more rapid and greater
inhibition than did GA, VR, and VX. GF was the most rapid, producing a maximum inhibition to 5% of the control in 5 min, while
VR and VX were slower reaching maximum inhibition to 30% of the control at 15 min. The enzyme activity in the majority of
the brain regions was more markedly inhibited by the G-agents than by the V-agents. The G-agents caused rapid AChE inhibition,
reaching maximum levels (20-30% of control) at 15 min and GA produced the most rapid effects. V-agents produced much slower
and less AChE inhibition, reaching maximum (35-60% of control) at 30 min. In the diaphragm, VR, VX, and GD produced more
rapid and greater AChE inhibition than other G-agents; GA produced the slowest and least inhibition. In the skeletal muscle, VX
induced the most rapid and severe inhibition, while GA the least inhibition. In the heart, all agents produced very rapid inhibition,
and GD produced the most severe inhibition of AChE activity. These observations suggest that G-agents and V-agents are tissue
compartment specific in their ability to inhibit AChE activity.
Published by Elsevier Ireland Ltd.

Keywords: Nerve agents; Organophosphorus compounds; Acetylcholinesterase inhibitors; Soman; Sarin; VX; Cholinesterase; Brain; Blood; Tissues

1. Introduction sonnel and civilian populations (e.g., 1991 Persian Gulf
War) and as a terrorist threat to civilian populations

The potential for exposure to organophosphorus (OP) (e.g., 1995 Tokyo subway incident). These nerve agents
nerve agents exists on the battlefield for military per- are irreversible inhibitors of the cholinesterase (ChE)

enzyme. Their lethal effects are due to hyperactivity of
the cholinergic system as a result of inhibition of ChE,

The opinions or assertions contained herein are the private views in particular, acetylcholinesterase (AChE), and the sub-
of the authors and are not to be construed as official or as reflecting the sequent increase in the concentration of the cholinergic
views of the Department of the Army or the Department of Defense. neurotransmitter acetylcholine (ACh) in the synapse [ 11.
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Fig. I. Chemical structures of Tabun (GA), Sarin (GB), Soman (GD), Cyclosarin (GF), VX, and VR.

soman (pinacolyl methylphosphonofluoridate; GD), the G-agents do not carry a charge. Both V-agents arc
cyclosarin (cyclohexyl methyl phosphonofluoridate; more persistent in vivo than the G-agents [3].
GF), VR (0-isobutyl S-(2(diethylamino)ethyl) methyl- Four major differences exist in metabolism between
phosphonothioate) and VX (0-ethyl S-(2-(diisopropyl the G-agents and V-agents. First, V-agents circulate
amino)ethyl) methylphosphonothioate) are OP nerve in vivo as a protonated amine. Second, V-agents are
agents [1]. Their structures are shown in Fig. 1. These hydrolyzed much more slowly than G-agents and some
military nerve agents are a family of highly toxic phos- of the hydrolysis products of V-agents are presumably
phoric acid anhydrides, and their structures are very simi- toxic. Also, V-agents may be metabolized by routes
lar to organophosphate pesticides. GA contains a cyanide that are not available for G-agents such as oxida-
group; GB, GD, and GF contain a fluoride substituent tion reactions at nitrogen and/or sulfur. Last, V-agents
group. GB, GD, and GF are methylphosphonofluoridate react more slowly with carboxylesterases and phospho-
anhydrides. GF contains a cyclohexyl substituent. rylphosphatases than do G-agents [3].

The G-type nerve agents are clear, colorless liquids Exposure to these OP nerve agents causes a progres-
that are volatile at room temperature. GB is the most sion of toxic signs, including hypersecretions, fascicula-
volatile nerve agent and evaporates at about the same tions, tremor, convulsions, respiratory distress and death.
rate as water. In water, GB is very miscible and read- A combined regimen of prophylaxis and therapy is the
ily hydrolyzes [2]. VX is a methyl phosphonic acid most effective medical countermeasure for dealing with
thio ester. It is an amber-colored, oily liquid with low the threat of nerve agent poisoning to military person-
volatility unless temperatures are high. VX is the least nel [4,5]. Pretreatment with carbamate ChE inhibitors,
volatile nerve agent. It does not evaporate readily and is such as pyridostigmine bromide, shields a fraction of
nonvolatile when in water. VX is moderately to highly ChE in the periphery from irreversible inhibition by
soluble in water. It is fairly resistant to hydrolysis [2]. the nerve agents. In the event of poisoning, immedi-
VR is a Russian V-type agent that is also a phosphonic ate therapeutic treatment with an anticholinergic drug,
acid thio ester. It is oily and colorless when pure and has such as atropine sulfate, antagonizes the effects of excess
a low volatility. Both VR and VX are charged, whereas ACh at muscarinic receptor sites, and an oxime, such as
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pyridine-2-aldoxime methylchloride (2-PAM), is used to ford, IL, USA). Heparin sodium was purchased from
reactivate any unaged, inhibited enzyme [6]. USP, Inc. (Rockville, MD, USA). GA, GB, GD, GF, VR,

In the past, nerve agent studies have focused primar- and VX were obtained from the U.S. Army Edgewood
ily on the effects and treatment of GD-induced seizures Chemical Biological Center (Aberdeen Proving Ground,
[7-10]. The ability of different nerve agents to produce MD, USA). DTNB was prepared in Tris buffer (0.05 M,
seizures has only recently been systematically explored pH 8.2) to a concentration of 0.424 M. Nerve agents were
[6,8]. The currently fielded pretreatment (pyridostigmine diluted in ice-cold saline prior to injection in a concentra-
bromide) and the therapeutic (atropine sulfate and 2- tion to inject 0.5 mL/kg, s.c. Atropine methyl nitrate was
PAM) strategies for OP nerve agents provide reasonable prepared in saline in a concentration to inject 0.5 mL/kg,
protection and therapy against GD exposure [11,12]. i.m.
However, more work is needed to support the goal of
finding an improved broad-spectrum therapeutic regi- 2.3. Experimental procedure
men that focuses on efficacy against all nerve agents for
our military personnel. Baseline blood (0.5 mL) was drawn using the toe-

The purpose of this project was to assess the time- nail clip method [13] and was collected into a l-mL
course changes in AChE activity in blood, brain, and microfuge tube containing 50 p.L of heparin sodium
peripheral tissues after a single toxic exposure to six dif- (15 units/mL) 1-3 days prior to the experiment. On
ferent nerve agents (GA, GB, GD, GF, VR, and VX) and the day of the study, the animals were pretreated
to compare the AChE inhibitory profiles among these six with atropine methyl nitrate (1.0 mg/kg, i.m.) 15 min
agents. Understanding the specificity of the various nerve prior to a nerve agent exposure to minimize peripheral
agents' effects on AChE in different tissue compartments toxic effects. The animals were then injected subcu-
may aid in the development of a more effective therapeu- taneously with a 1.0 x LD 50 dose of GA (120 jlg/kg),
tic strategy that will work against all of the nerve agents. GB (42 pig/kg), GD (28 pjg/kg), GF (57 pxg/kg), VR

(11.3 pig/kg), or VX (8 pg/kg). At 0, 5, 10, 15, 30, or
2. Materials and methods 60 min after nerve agent injection, blood (0.5-1.0 mL)

was collected into a I-mL microfuge tube containing
2.1. Subjects 50 p.L of heparin sodium (15 units/mL). Brain regions

(brainstem, cortex, hippocampus, midbrain, cerebel-
Male Hartley guinea pigs (Crl:(HA) BR COBS; lum, striatum, and spinal cord) and peripheral tissues

Charles River Labs, Kingston, NY, USA) weighing 250- (diaphragm, gastrocnemius (skeletal muscle), and heart)
300g served as subjects. They were housed in indi- were dissected from the animal.
vidual cages in temperature (21 + 2 'C) and humidity Brain samples (1:20) and peripheral samples (1:5)
(50 ± 10%) controlled quarters that were maintained on were diluted in 1% Triton-X 100 solution (in nor-
a 12-h light/12-h dark cycle (lights on at 06:00h) and mal saline). The dissected brain and peripheral tissues
received food and water ad libitum except during exper- were homogenized in a 1% Triton-X 100 solution.
imental periods. In conducting the research described in Homogenates were centrifuged at 4 °C for 10min at
this report, the investigators adhered to the Guide for the 15000 x g, and the supernatant was saved for analysis.
Care and Use of Laboratory Animals by the Institute of Two dilutions were made from blood sample. For the
Laboratory Animal Resources, National Research Coun- whole blood (WB), 20 p.L of collected blood was diluted
cil, in accordance with the stipulation mandated for an (1:25) in 1% Triton-X 100 solution. For the red blood
Association for Assessment and Accreditation of Labo- cells (RBC), the original blood sample was centrifuged
ratory Animal Care International (AAALAC) accredited for 5 min at 14,000 rpm to separate the RBC and plasma.
facility. Ten microliters of the RBC were then diluted (1:50) in

I% Triton-X 100 solution. The brain, tissue, RBC, and
2.2. Materials WB samples were kept frozen at -80 'C until analysis

for AChE activity.
Atropine methyl nitrate was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Tris(hydroxymethyl) 2.4. AChE analysis
amino methane was purchased from Fischer Scientific
(Fair Lawn, NJ, USA). The bicinchronic (BCA) protein On the day of AChE analysis, the tissue samples were
reagent kit and DTNB (5,5'-dithiobis(2-nitrobenzoic thawed, and three 7-p.L replicates of each were pipetted
acid) were purchased from Pierce Biotechnology (Rock- into a 96-well UV star microplate (Greiner, Longwood,
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FL, USA). Three 10 ILL replicates of the WB and RBC for each tissue/region to determine whether there were
samples were pipetted into the UV star microplates. animal differences, since the protocol was run over a
Twenty microliters of deionized water was added to each I-year period. A two-factor ANOVA comparing nerve
well containing brain and peripheral tissue samples, and agent groups, observation times, and the interaction of
17 ILL of deionized water was added to each WB and agent groups and observation times was also used. If a
RBC sample. Following the addition of water, 200 V±L of significant agent by time interaction was observed, then
DTNB (0.424 M, pH 8.2) was added to each sample well. a one-factor ANOVA was used to compare nerve agents
Each microplate was then incubated for 10 min at 37 'C at each observation time and another one-factor ANOVA
before being placed in the Spectramax Plus microplate was used to compare observation times within agents. A
reader (Molecular Devices Corporation, Sunnyvale, CA, post hoc Tukey's test was used for the multiple compar-
USA) where it was allowed to shake for 2 min. Imme- isons of nerve agents and observation time points if the
diately after, 30 p.L of the substrate acetylthiocholine main effect of agent or time was significant.
iodide (51.4 mM) was added to each well. The samples RBC and WB were collected at the same times as the
were read at 412 nm (at 20 s intervals) for 3.5 min, and the tissues, but they were also measured on the same animal
activity (Rmol/mL/min) was determined using Softmax at a baseline time prior to exposure for each group. RBC
plus 4.3 LS software (Molecular Devices Corporation). and WB were compared with a one-factor ANOVA to

determine whether the nerve agent groups were similar
2.5. Protein analysis with respect to animals in that group. For RBC and WB,

the agent groups were significantly different at the base-
Protein levels in the tissue samples were determined line measurement, p<0.01. Therefore, RBC and WB

by a BCA protein assay. The standard curve was created were normalized for each animal by taking a percent
using a bovine serum albumin at the following con- of each animal's respective baseline measurement and
centrations: 0.5, 0.75, 1.0, 1.5, and 2.0 mg/mL. Three using that for comparison instead of raw data. In all cases,
replicates of 10 jiL for each brain tissue sample were statistical significance was defined as p < 0.05.
added to individual microplate wells. Two hundred
microliters of working reagent (BCA protein reagent 3. Results
kit) was then added to each well of brain tissue sam-
ples. Three replicates of 5 ILL for each peripheral tis- 3.1. RBC and WB AChE activity
sue sample were added to individual microplate wells.
The peripheral tissue samples were further diluted by The range of baseline AChE activity in WB is
adding 5 p.L of deionized water before adding 200 p.L 2.05-3.98 l.mol/mL/min. The range of baseline AChE
of working reagent. The microplates were shaken for activity in RBC is 1.50-3.97 t~mol/mUmin. Fig. 2A
30s and then incubated at 37°C for 30min. The shows the time-course changes in RBC AChE activity
microplates were allowed to cool to room temperature after the administration of a 1.0 x LD 50 dose of the six
before being read using the Spectramax Plus microplate nerve agents. All six agents produced maximum AChE
reader and Softmax Plus 4.3 LS software as described inhibition in RBCs at 10 min after exposure to 5-10% of
above. Tissue AChE activity was expressed as pimol/mg the control. At 10 min, the VR group had significantly
protein/min. lower AChE activity than the GB and GD groups. By

30 min after exposure, there is no significant difference
2.6. Data analysis among the effects of the six agents.

The time-course changes in WB AChE levels after
Six nerve agents and six observation times (0, 5, 10, administration of a 1.0 x LD5 0 dose of the six nerve

15, 30, and 60 min) were used in this study to examine agents are shown in Fig. 2B. Unlike in RBC, the WB data
the effects of nerve agents at times after agent expo- suggest that there are significant differences in the results
sure on AChE levels. One group of animals was used for seen in the ability of each of the six agents to inhibit
each agent and observation time combination, yielding AChE activity. GB, GD, and GF caused a significantly
36 groups of animals. The protocol was performed on greater inhibition of AChE in WB than did GA, VR, and
one agent group at a time during the year. Each agent VX. GF produced the fastest inhibition, causing AChE
group had its own control group that was the 0 observa- levels to drop to 5% of the control at 5 min. GB and GD
tion time group. both produced maximum inhibition at 15 min to 10 and

Agent groups were compared at the 0 observation 5% of the control, respectively. The other three agents
time using a one-factor analysis of variance (ANOVA) did not have as powerful an inhibitory effect on AChE
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120 Red Blood Cells to 20-30% of control and then level off for the remainder
> of the time. Among the G-agents, GA induced the most

rapid and potent inhibitory effects on AChE. In contrast,
-- the activities of VR and VX decline much more slowly

6 -o to reach their nadir at 30 min, indicating a much slower
, inhibition of AChE activity over time. Additionally, the

o inhibition (to 35-60% of control) was less severe com-
0
.,g 20pared with G-agents.

0 .Fig. 3A illustrates how apparent the split in inhibi-
0 10 20 30 40 50 60 tion levels between the G-agents and V-agents is in the

(A) Time (min) spinal cord. GA produced maximum inhibition at 5 min

Whole Blood (to 43% of control). It was the fastest-acting nerve agent

S120 - in the spinal cord, followed by GF GB and GD caused
maximum inhibition at 15 min, reducing enzyme activity

<0 to 38 and 42% of the control, respectively. VR and VX
S-80 oreached maximum inhibition at 30 min, but only reduced

U 60 AChE activity to 55 and 65% of the control, respectively.
S40
o 40 The effects of nerve agent exposure on AChE activ-

U_ 20 ity in the brainstem over time are shown in Fig. 3B.
GA and GF produced the fastest AChE inhibition, low-0 10 20 30 40 50 60 ering enzyme levels to -'30% of the control within the

(B) Time (min) first 5 min. This was followed by GB, which produced

Fig. 2. Effects of nerve agents at I x LD511 dose on AChE activity in maximum AChE inhibition at 10 min to 30% of the con-
RBC and WB of guinea pigs. trol. GD produced maximum AChE inhibition at 15 min

to 35% of the control. Again, VR and VX inhibited
levels: GA, VR, and VX produced maximum inhibition more slowly and caused less inhibition than all the other
at 15 min to 22, 25, and 30% of the control, respectively, agents. They produced maximum AChE inhibition in the

brainstem at 30 min to 37 and 45% of the control, respec-
3.2. Brain regional AChE activity tively.

The difference in inhibition levels of the G-agents
The baseline AChE activities in each of the seven and V-agents is also apparent in the results obtained for

brain regions are shown in Table I. the cerebellum as shown in Fig. 3C. Similar to what
The levels of AChE activity in the spinal cord, was observed in spinal cord and brainstem, both GA

brainstem, cerebellum, striatum, and midbrain follow- and GF produced the fastest slope of decline in AChE
ing exposure to a 1.0 x LD 50 dose of six nerve agents activity. They reached maximum inhibition at 10 and
are shown in Fig. 3. In these brain regions, the G-agents 15 min to -"25% of the control. GB and GD followed
caused a greater inhibition of AChE activity over time in with a maximum AChE inhibition at 15 min to -,30%
comparison to the V-agents. The G-agents also exerted of the control. The V-agents did not reach maximum
their effects much more quickly than the V-agents, as can inhibition until 30 min, with VR reducing AChE activity
be seen by the differences in their slopes. The lines rep- to 30% of the control and VX reducing activity to 45%
resenting the G-agents quickly decline from 0 to 15 min of the control.

Table I
Mean baseline AChE activity (ptmol/mg protein/min) for each brain region studied

Brainstem Cerebellum Cortex Hippocampus Midbrain Spinal cord Striatum

GA 208.25 212.24 58.76 98.77 147.92 190.61 351.09
GB 232.75 244.94 73.82 109.38 185.05 220.64 435.33
GD 196.79 241.08 57.81 98.92 150.97 195.80 383.66
GF 231.12 252.29 69.77 107.12 175.22 221.14 389.36
VR 240.97 260.59 73.32 111.56 186.19 219.50 413.70
VX 208.13 233.21 63.46 108.81 155.37 196.38 388.08
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Fig. 3. Effects of nerve agents at I x LD50 dose on AChE activity in spinal cord (A), brainstem (B), cerebellum (C), striatum (D), and midbrain (E)
of guinea pigs.

Fig. 3D illustrates the time-course of changes in activity to 50% and VX inhibited only to 65% of the
AChE activity in the striatum after administration of the control.
six nerve agents. The graph indicates that the striatum is Fig. 3E shows the time-course changes in AChE activ-
the area of the brain where the differences between the ity in the midbrain after exposure to the nerve agents. The
actions of the G-agents and V-agents are most apparent. split between the G-agents and V-agents is still apparent;
Among G-agents, GA had the sharpest decline in the however, it is not as pronounced as in the results obtained
slope of AChE reduction, reaching nadir at 10 min. GB, for the spinal cord, brainstem, cerebellum, and striatum.
GD, and GF produced maximum inhibition at 15 min The differences between the G-agents and V-agents are
to 30-35% of the control. VR and VX had much lower only significant until the 30-min time point. GA and GF
slopes and produced maximum inhibition at 30 min, but were the most rapid and reached maximum inhibition at
not to levels as low as the G-agents: VR inhibited AChE 10 and 15 min (to 30% of the control), respectively. This
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HIPPOCAMPUS Table 2
Z'120 Mean baseline AChE activity (p.moVmg protein/min) for each periph-
._ _ _ _ 100 eral tissue studied

• t Diaphragm Heart Skeletal muscle

Q 60 GA 14.49 21.15 13.46
ýOA GB 18.98 22.82 15.67

--z- 40 GD 12.26 16.39 9.95
___ •_____ • • GF 17.00 21.17 13.92

------ VR 15.39 18.22 13.63
VX 12.29 17.11 10.71

0 10 20 30 40 50 60
(A) Time (min)

120 CORTEX apparent difference in the actions of the G-agents and
V-agents. Here again GA and GF still induced the most

*• 100 •rapid inhibition of AChE, while VX was the slowest

seo inhibitor. All six nerve agents produced inhibition of
" 60AChE activity to reach maximum at 10-15 min and thenU 60

"Z 40 , leveled off beyond this point. All nerve agents inhib-
40 ited AChE activity within a narrow range of each other

0O 20- to 20-30% of the control. Similar to the finding in the
hippocampus, GD was the most potent (to 17% of the

10 20 3'0 40 50 60 control) and GA was the least potent (to 30% of the con-
(B) Time (min) trol) inhibitor of AChE in the cortex.

Fig. 4. Effects of nerve agents at I x LD 5() dose on AChE activity in
hippocampus (A) and cortex (B) of guinea pigs. 3.3. Peripheral tissue AChE activity

was followed by GB and GD, which reached maximum The baseline AChE activities in the three peripheral
inhibition at 15 min to 25% of the control. VR and VX tissues are shown in Table 2.
acted much more slowly, producing maximum inhibition Patterns of enzyme inhibition were different in the
at 30 min to 30 and 35% of the control, respectively, three peripheral tissues (diaphragm, skeletal muscle, and

As shown in Fig. 4, in the hippocampus and cortex, heart) studied. Unlike the brain regions, there was no
the time-course patterns of AChE inhibition were dif- apparent split between the effects of the G-agents and
ferent compared with the other brain regions described V-agents. There were, however, three other notewor-
above. In both of these regions, there was no clear differ- thy patterns of AChE inhibition in the peripheral tissue.
ence between the effects of the G-agents and V-agents, First, in the diaphragm and skeletal muscle, all of the
although some separations were still visible during the agents produced a very gradual decline in the inhibi-
first 15 min in the hippocampal region. tion of AChE activity over time. In the heart, however,

Fig. 4A shows the time-course of AChE inhibition there was a very fast decline in AChE activity during the
in the hippocampus. The difference in the effects of the first 5 min, after which inhibition levels began to level
G-agents and V-agents became less apparent. GA was off. Second, in these tissues, GA produced significantly
still the most rapid acting. It produced maximum inhi- less inhibition and with less speed than all of the other
bition at 5 min to maintain 43% of the control through agents. This was especially obvious in the diaphragm.
the observation period. This was followed by GD, GB, In the heart, GA produced significantly less inhibition
VR, GF, and VX during the first 15 min after nerve agent than most of the other agents. This is a much different
exposure. GD is the most potent inhibitor of AChE, pro- pattern of inhibition produced by GA than that seen in
ducing maximum inhibition to 25% of the control in the brain regions. Third, unlike in the brain regions, VR
15 min. Both GA and GF were the least potent inhibitors and VX produced greater inhibition in the diaphragm
after 30 min, producing maximum inhibition to "-40% of and especially in the skeletal muscle. In the diaphragm
the control. VR and VX produced maximum inhibition and skeletal muscle, both VR and VX produced high lev-
at 30 min to -30% of the control. els of inhibition that were comparable to levels attained

Fig. 4B illustrates the time-related changes of AChE by GD. Again, this was a pattern not found in the brain
in the cortex after the six nerve agents. There is no regions.
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120 DIAPHRAGM the rapid inhibition of AChE, reducing maximum AChE
A:N inhibition to 60% of the control. This was followed by
"Ž 100 VR, GA, GD, GF, and GB. VR and GD produced maxi-

0- s ............ -mum inhibition at 10min and reduced AChE activity to
= • -.65% of the control. GB produced maximum inhibition

Z 60 - -at 15min and GF at 30min, reducing enzyme activity
40 - -- ---- I to 70 and 65% of the control, respectively. GA pro-

0oo 20. duced maximum inhibition at 5 min, but it reached only
e 0 30% total inhibition of AChE activity, making it the least

10 20 0 40 50 60 potent inhibitor in this tissue.
(A) Time (min) Fig. 5C shows the time-course changes in AChE activ-

SKELETAL MUSCLE ity in the heart. There was a very fast decline in AChE
>,10 activity during the first 5 min after all nerve agents. GD
"2 100had the greatest effect in the heart, producing maximum

._1oinhibition at 10 min and lowering AChE activity to 25%
. of the control. GF produced maximum inhibition at 5 min

to 35% of the control. GB and VX produced maximum
inhibition at 10min to 30% of the control. GA and VR

0 can be seen as outliers in the heart data over the 60-min2: time-course. GA and VR produced levels of maximum

(B) 0 10 20 0 40 50 60 inhibition that were less than the other nerve agents at
Time (min) 45 and 50% of the control (at 5 min), respectively.

120 HEART 4. Discussion

Z100
U• The six nerve agents (GA, GB, GD, GF, VR, and VX)
U8o studied exerted differential effects on the AChE enzyme

C. 60 in guinea pigs. All of the nerve agents at a 1.0 x LD.o
40 dose inhibited RBC similarly and to a point where only

0 5-10% of the control levels were still active at 10 min. In0 20

e the whole blood, however, there was a split seen between
0 1 0 4 0 60 the agents' ability to inhibit AChE. GB, GD, and GF
0 1 20 340 50 6

(C) Time (min) caused a much greater inhibition over time than did GA,
VR, and VX. In all of the brain regions studied, the G-

Fig. 5. Effects of nerve agents at I x LD 50 dose on AChE activity in agents caused more rapid and greater inhibition of AChE
diaphragm (A). skeletal muscle (B), and heart (C) of guinea pigs. than did the V-agents. With G-agents, maximum inhi-

bition was reached in 15-30min, while with V-agents,
Fig. 5A shows the time-course of changes in AChE maximum inhibition was reached in 30-60 min. In the

activity in the diaphragm. GD and VR produced the cortex and hippocampus, the differential effects of the
fastest effect, reaching maximum inhibition at 10 min G-agents and V-agents became less apparent. However,
and reducing AChE activity to 43 and 50% of the con- among G-agents, GA induced the most rapid AChE inhi-
trol, respectively. This was followed by VX, GF, GB, bition in all brain regions. In the peripheral tissue, the
and GA. VX reached maximum inhibition at 15 min and inhibitory patterns changed. In the diaphragm, and espe-
reduced AChE activity to 43% of the control. GB and cially in the skeletal muscle, GA had a much slower
GF reached maximum inhibition at 15 min, producing and less of an inhibitory effect than the other agents.
a change that was 50-55% of the control. GA reached In these tissues, V-agents induced much more rapid and
maximum inhibition at 10 min and reduced AChE activ- greater inhibition. In the heart, both GA and VR had
ity to 65% of the control, at a level of remaining AChE less of an effect than the other agents, while GD pro-
that was significantly higher than that of all of the other duced the most severe inhibition of AChE activity. These
agents. observations suggest that G-agents and V-agents are tis-

Fig. 5B shows the time-course changes in AChE activ- sue compartment specific in their ability to inhibit ChE
ity in the skeletal muscle. In this tissue, VX produced activity.
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It is important to consider factors like regional blood crossing the blood-brain barrier than do the uncharged
flow, ionization pKa, and the chemical structures and G-agents. The toxicities of VX and VR are very similar
physical properties of these OP nerve agents when try- to each other. The diethylaminoethanthiol group of VR
ing to explain how they affect brain tissue and peripheral has been reported to have a pKa of 8.3 [16], while VX
tissue differently. All of the nerve agents produced max- has a pKa of 8.5 [17]. This means that a portion of VR
imum AChE inhibition in RBC at 10 min after exposure. and VX would be positively charged at physiological pH
Enzyme activity was reduced between 5 and 10% of the (7.4). Uncharged species are able to distribute into the
control in that time. After 10 min, there were no signifi- central nervous system, while charged species become
cant differences found among these agents. RBC contain confined to the peripheral nervous system [ 18]. The G-
mostly AChE enzyme. All of the nerve agents seemed to agents, then, cross readily into the brain circulation and
have very similar effects on inhibiting AChE activity in are able to produce their effects much more quickly than
RBC. The reason for the fast decrease in AChE activity the V-agents.
exhibited by all of the nerve agents lies in the fact that the Even though they are charged species, a small num-
blood is the first thing the agents encounter after being ber of molecules of V-agents are still able to cross the
injected subcutaneously. The concentration of agent in blood-brain barrier. In comparison to the 1 x LDs0 dose
the blood is greater than in any other body tissue. There of each of the G-agents, the amount of molecules present
is a plentiful supply of each agent available to bind to in the 1 x LD5 0 dose of both VR and VX is very small.
enzyme in the blood. In an autoradiography study, radi- The quick rates at which G-agents cross the blood-brain
olabeling of GD showed that during a 32-min period, barrier, and thus, their large concentrations in various
blood continues to maintain the highest level of labeling regions of the brain, could also play a role in the split
by a factor of 10 times that of surrounding tissues [ 14]. seen between the G-agents and V-agents. The LD50 dose

However, in whole blood (WB) there was a signif- for GA is greater than that of any other nerve agent
icant separation of the agents' ability to inhibit AChE (120 fig/kg). Thus, there are more molecules of GA by
activity. GB, GD, and GF caused a significantly greater mass action crossing into the brain than of any other
inhibition of AChE in WB than did GA, VR, and VX. nerve agent. There is a vast amount of GA present in the
One explanation of this phenomenon is that WB con- brain, then, to bind to AChE and cause more inhibition
tains both RBC and plasma. Plasma contains, in addi- of the enzyme than do any of the other agents. The other
tion to AChE, butyrylcholinesterase (BuChE) and car- G-agents have the following LD50 's: GB (42 t~g/kg), GD
boxylesterase (CaE), although to a lesser extent in the (28 t•g/kg), and GF (57 pýg/kg). Next to GA, these three
guinea pigs [15]. It is possible that GA is less readily agents produce the mid-level amounts of inhibition seen
bound to BuChE and CaE in the plasma than are GB, in the brain regions. VR and VX are the most toxic and
GD, and GF. It is also known that VR and VX react have LD5 0's of 11.3 and 8 pLg/kg, respectively. Com-
slowly with CaE [3]. All of the blood enzymes appear pared with the G-agents, these dosages are very small,
to act as buffers for the enzymes in body tissue. There is and thus, there are only a small number of molecules of
little inhibition of tissue enzyme until much of the blood VR and VX present in the brain to bind to and inhibit
enzyme is inhibited [5]. AChE.

In most of the brain regions there is an apparent dif- From the hippocampus to cortex, however, the split
ference in the level of AChE inhibition between the between the G-agents and V-agents became less and less
G-agents and V-agents, although it became less appar- apparent. In the hippocampus, VR and VX still displayed
ent in the hippocampal and cortical regions. This phe- slower and less action during the first 15 min after injec-
nomenon is mostly seen in the caudal brain regions from tion. Even in the cortex, the inhibition by VX remained
spinal cord, brainstem, cerebellum, striatum to midbrain slow, but all other nerve agents appeared to produce sim-
region. In a study conducted by Traub [14], it was found ilar effects. All six nerve agents produced an inhibition
that at 2 min, radiolabeled GD is already concentrated that was 20% of the control, the lowest level of activ-
in a detectable differential amount in the area postrema, ity observed among all the brain regions. One factor to
nucleus of the XIIth cranial nerve and medial vestibular, consider in explaining this is the cerebrovasculature of
prepositus hypoglossal and paragigantocellular reticular the brain. The cortex receives a rich blood supply from
nuclei. the anterior, middle, and posterior arteries that surround

Overall, the G-agents caused more rapid and greater its surface [19]. This would mean that all of the nerve
inhibition of AChE than did the V-agents. A plausi- agents get spread over the entire cortex very rapidly and
ble explanation for these findings is the fact that the become available in mass quantities to cause inhibition
V-agents are charged and have a more difficult time in this area.
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